Abstract. Lattice enthalpies Δ L H° of lanthanide orthovanadates, LnVO 4 (Ln = Ce -Lu, except Pm) have been determined from the Born-Haber thermochemical cycle and compared with those calculated by an empirical equation. Two different sets of enthalpies of formation of LnVO 4 , from oxides (Ln 2 O 3 , V 2 O 5 ) and from elements, have been used but the differences in Δ L H° are small. The Born-Haber cycle in both routes yields close values of Δ L H° to those obtained after an empirical equation proposed by Glasser and Jenkins. It has been found that the partial derivative of the lattice enthalpies to the molar volumes corresponds by magnitude and dimension to the shear moduli of these crystals. (doi: 10.5562/cca2298)
INTRODUCTION
Lanthanide orthovanadates, LnVO 4 (Ln = Ce -Lu) exhibit valuable catalytic, electric, magnetic and optical properties. Recent experimental studies comprise, e.g. photoconversion of cyclohexane and benzene by LnVO 4 (Ln = Ce, Pr, Nd), 1 visible-light photocatalysis by NdVO 4 nanowires, 2 laser applications and optoelectronic characteristics, 3−5 electronic, mechanical and optical properties of GdVO 4 , 6 charge-transfer transitions in LnVO 4 (Ln = Gd, Lu): Eu 3+ , 7 electronic structure of CeVO 4 from diffuse reflectance spectroscopy. 8 Theoretical studies deal with magnetic properties of LnVO 4 (Ln = Eu, Ho, Lu), 9 phase analyses of DyVO 4 , 10 band structure calculations of CeVO 4 , 8 local spin densities and band structure of GdVO 4 . 6 LnVO 4 crystallize in zircon-type (ZrSiO 4 ) structure with I4 1 /amd space group (No. 141) and four molecules per unit cell; 11 they melt at high temperature, T m = 1710−2100 K. 12 The thermodynamic assessment of lanthanide orthovanadates is incomplete, although, e.g. five different sets exist in the changes of the standard enthalpy (CSE) of formation with values varying about 50 kJ mol -1 for SmVO 4 . 13, 14 In Ref. 13 , CSE of formation of LnVO 4 (Ln = Ce -Lu, except Pm, Yb) from oxides and from elements have been determined at T = 298.15 K and at T = 1075 K in solvent of lead borate (2PbO×2B 2 O 3 ). Bond energies of LnVO 4 (Ln = CeLu, except Pm) have been calculated using the dielectric chemical bond theory. 15 In the same work, the whole The amount of energy per mole that binds the ions in the crystal lattice of LnVO 4 is among the basic characteristics of these compounds. The aim of the present work is to determine the lattice enthalpies of LnVO 4 by the Born-Haber thermochemical cycle and to relate these quantities to certain mechanical properties.
METHOD
The lanthanide orthovanadates LnVO 4 have a defined stoichiometry and the lattice is assumed to contain ions with integral charges. Therefore, the lattice enthalpies Δ L H° can be found by the Born-Haber cycle in Eq. (1) below. The term B corresponds to two different CSE of formation of LnVO 4 included in the cycle -from oxides or from elements (Eq. (2)):
where the notation is as follows: 16 the left-hand side subscript to each enthalpy refers to, respectively: L -lattice, f -formation, f, ox -formation from oxides, f, el -formation from elements, s-sublimation, i -ionization, d -dissociation, and eg -electron gain; the righthand side superscript (°) indicates "under standard conditions": temperature T = 298.15 K, pressure p = 101325 Pa. The CSE are related to the corresponding energies of dissociation, electron gain, ionization, sublimation, and potential energy of the lattice according to the formulae, respectively: 3 .
The input data for the calculation of Δ L H° are presented in Table 2 and Table 3 . The equation of each step (physical or chemical change) of the cycle is given in Table 1 . The sign of the CSE must be reversed if the actual processes take place in the opposite direction. The overall sum of CSE is equal to zero for a closed path of changes starting and ending at the same state. Here, the final step is the formation of lanthanide orhovanadate in solid phase, LnVO 4 (s), from a gas of separated ions. This process is reverse to that one in the definition of lattice energy as displayed in the last row of Eq. (3).
RESULTS AND DISCUSSION
The lattice enthalpies obtained in this work are presented in Table 4 . The values of the CSE of LnVO 4 lattice determined by the Born-Haber thermochemical cycle vary in a narrow range, about 1.1-1.4 % within the lanthanide series to the mean value, respectively for those determined from CSE of formation of LnVO 4 from oxides or from elements.
The Born-Haber cycle presented in Table 1 may start with either steps 1a and 1b (reverse process of the formation of LnVO 4 from oxides) or with step 1 (reverse process of the formation of LnVO 4 from elements) and then to proceed further via step 2, etc. The values of -Δ f, el H°1 4 have been used in this study since they comprise all LnVO 4 except PmVO 4 .
The range of Δ L H° variation is small as the formation of LnVO 4 is determined mainly by the change of Ln 3+ ionic radii appropriate to the zircon structure and by the ionic Ln−O bonds. 9 The accuracy of each lattice enthalpy Δ L H° has been evaluated with the aid of the available accuracies of the quantities included in Eq. (1). Since the uncertainties for some quantities in Table 2 are not available, the RMS deviations of Δ L H° determined in this work should not be lower than 0.1 %.
Δ L H° in this work are compared in Table 4 with an empirical equation for lattice potential energy Δ L U (or U PОT ). 19 The equation has the following form: 
where A = 121.39 kJ mol -1 nm is an electrostatic factor, I = 0.5 n i z i 2 is the ionic strength with n i being the number of ions with charge z i per formula, I = 25 for LnVO 4, and v m is the molecular volume in nm 3 . The necessary values of v m are given in Table 4 . Table 4 determined by the empirical Eq. (4) are about 1−3 % lower than those yielded by the Born-Haber cycle. It has been indicated that the empirical formula used to obtain the last column in Table 4 ; it is reasonably that a displacement of ions can be related to shear modulus. The meaning of the slope is of an upper limit of energy that, after being absorbed, would result in lattice deformation. Recent measurements of the shear modulus of GdVO 4 by ultrasonic technique have revealed a value of G = 40.5 GPa. 6 The same authors have obtained theoretical values of G = 49.8 GPa or 53.0 GPa by two theoretical approximations. These results confirm an upper limit of the shear moduli G ≈ 50 GPa, an average value of both slopes, found in this work. The thermodynamic relations between the internal energy and the moduli of a solid are known at least for crystals of simple structure and small molar volumes.
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CONCLUSION
The lattice enthalpies Δ L H° of LnVO 4 increase slightly with increasing the atomic number in the lanthanide series and remain close to those determined by an empirically derived equation. The dependence between Δ L H° and molar volumes V m is linear with a negative slope. The latter corresponds to lattice enthalpy per molar volume and can be considered as an upper limit of the shear moduli for the series of LnVO 4 . 
